Purpose: Reovirus is a wild-type oncolytic virus that is ubiquitous in the environment; most patients are therefore preimmune. Therapeutic administration leads to an increase in neutralizing antireovirus antibody (NARA) titer. We hypothesized that if NARA limited reovirus antitumor activity, the effect might be attenuated by coadministration of cyclophosphamide.
Introduction
Reovirus is a wild-type double-stranded RNA virus that is ubiquitous in the environment and relatively nonpathogenic in humans (1) . Exposure early in life is associated with transient minor respiratory or enteric symptoms (2) (3) (4) . The virus selectively replicates in cells with activated RAS, sparing normal cells. In part, this is because RAS activation inhibits the antiviral effects of double-stranded RNA-activated protein kinase (PKR), but is also due to RAS-induced enhancement of virus uncoating, infectivity, and release (5, 6) . Tumor RAS mutations, or activation of up-or downstream RAS pathway signaling elements, are present in the majority of human cancers (7) . There is an unmet need for novel treatments for RAS-driven tumors, because attempts to target this oncogene with small molecules have, to date, been unsuccessful.
Reovirus serotype 3 Dearing (RT3D; REOLYSIN, Oncolytics Biotech Inc.) has selective antitumor activity, both in vitro and in tumor xenograft models, and can be safely administered intravenously with evidence of efficacy in several trials (8) (9) (10) (11) (12) (13) . However, there is a high seropositivity rate in healthy populations following childhood reoviral exposure (14) , and systemic administration of therapeutic oncolytic viruses evokes a brisk host immune response. In particular, intravenous RT3D leads to an early rise (100-to 1000-fold) in neutralizing antireovirus antibody (NARA) titer in most patients (8, 15) .
In contrast with the immunosuppression usually associated with cytotoxic agents, immunomodulation has been extensively described as an effect of cyclophosphamide (16) . The combination of cyclophosphamide in combination with RT3D has been investigated in murine models, and these studies have demonstrated safety and efficacy using a carefully titrated cyclophosphamide schedule, including administration 24 hours before RT3D (17) . However, significant normal tissue toxicity was seen at higher doses, similar to the administration of RT3D to B-cell knockout mice (17) . Thus, careful titration of any immunomodulatory effect is required, to optimize efficacy without augmenting viral replication and toxicity in normal tissues.
This phase I dose escalation study was designed to investigate the feasibility and safety of cyclophosphamide coadministration with RT3D in man, with the primary aim of abrogating the neutralizing antireovirus antibody response, to maximize virus delivery to tumor. Secondary objectives were assessment of the safety of this approach and antitumor activity. Translational studies investigated changes in cellular immune subsets, including regulatory T cells, and circulating viral persistence in association with PBMCs.
Materials and Methods

Patients
Eligible patients had advanced or metastatic solid tumors refractory to standard treatment. Patients were required to have measurable or evaluable disease; any residual toxic effects related to prior anticancer therapy having resolved to grade 1 or lower [as defined by the Common Terminology Criteria for Adverse Events (CTCAE), version 3.0]; be >18 years of age; have received no chemotherapy, radiotherapy, biologic therapy, or hormone therapy (apart from patients with breast cancer or prostate cancer) within 28 days before receiving the study treatment; and have an Eastern Cooperative Oncology Group (ECOG) performance score of 0-2. The following baseline laboratory results were required: absolute neutrophil count >1.5 Â 10 9 /L, platelets >100 Â 10 9 /L, hemoglobin >90g/L, serum creatinine <1.5Â institutional upper limit of normal (ULN), total bilirubin <1.5Â ULN, aspartate transaminase and alanine transaminase <2.5Â ULN, and a negative pregnancy test for females of childbearing potential. Exclusion criteria included known brain metastases, concurrent immunosuppressive therapy, known HIV, hepatitis B or C infections, pregnancy or breastfeeding, clinically significant cardiac disease (New York Heart Association class III or IV), and dementia or altered mental state that would prohibit informed consent. The study was approved by the relevant local research ethics committees (EudraCT number 2007-001937-32).
Study design
This was an open-label dose-escalating phase I combination study of cyclophosphamide given together with RT3D, conducted at 3 sites in the United Kingdom. Cyclophosphamide was administered, with the aim of immunomodulation, as an intravenous bolus on day minus 3 of the first cycle, and on day 26 of the first and subsequent cycles in the absence of dose-limiting toxicity or disease progression. RT3D was administered intravenously over 5 consecutive days (days 1-5) of a 28-day cycle. Patients continued to receive further cycles of RT3D for 5 days every 28 days, in the absence of disease progression or intolerable treatment-related toxicity.
Assay of the neutralizing antireovirus antibody (NARA) titer on day 15 of the first two cycles was used as the endpoint for the primary outcome measure of effective immunomodulation. The protocol mandated withholding cyclophosphamide if the NARA response was very weak (less than a 10-fold increase over pretreatment baseline), or if levels fell, in the first two or subsequent cycles.
Screening tests at baseline included physical examination, computerized tomography, full blood count, coagulation screen, tests of renal and liver function, urate, CK-MB and troponin I, electrocardiogram (EKG), and left ventricular ejection fraction (LVEF) by echocardiogram or multiple-gated acquisition (MUGA) scan. All adverse events and laboratory variables were assessed using the CTCAE version 3.0. LVEF was reevaluated after 8 weeks, and subsequently only in the presence of elevated cardiac enzymes, EKG abnormality, or if otherwise clinically indicated. Other safety assessments were repeated at baseline, on days 8, 15, and 22, and at weekly intervals throughout the study. Tumor response was assessed according to RECIST version 1.0 (18) at intervals of 8 weeks.
Virus administration
Reovirus was supplied by Oncolytics Biotech Inc. as single use 1 mL glass vials containing a frozen viral suspension in PBS. Stock was stored at À70 C, thawed rapidly over 2 minutes, diluted to 250 mL in 0.9% sodium chloride, and infused over 1 hour through a peripheral line in a side room. Vital signs were monitored during the infusion and for at least 1 hour afterwards.
Dose escalation
All patients received RT3D at a tissue culture infective dose (TCID 50 ) of 3 Â 10 10 , shown to be safe when administered as a single agent (8) . The cyclophosphamide dose was escalated in successive cohorts as shown in Table 1 . The starting dose of 25 mg/m 2 was chosen to be well below cytotoxic levels of cyclophosphamide, and this was escalated in successive cohorts to 1,000 mg/m 2 . Patients were enrolled in groups of three and individually assessed for immunomodulation, safety, and doselimiting toxicities (DLT). Patients were considered evaluable for assessment of immunomodulation if they had received at least two cycles, and for safety if they had received at least one cycle or withdrew from the study due to drug-related toxicity. Patients withdrawing from the study without meeting these criteria were replaced. If one of three patients in a cohort experienced effective immunomodulation (NARA increase between 10-and 50-fold) or DLT during the first cycle, three more patients would be added to that dose group. If two or more DLTs occurred during any cohort, the previous lower dose would be defined as the maximum tolerated dose (MTD). Treatment could be continued beyond Cycle 2 in the absence of intolerable toxicity or evidence of disease progression.
Translational Relevance
Oncolytic viruses that replicate preferentially in tumor cells have shown promise for treatment of cancer. However, systemic administration of these viruses induces host immunity, including neutralizing antibodies. These could form immune complexes with virus, potentially impairing its delivery to tumor. This phase I trial explored the combination of reovirus and intravenous cyclophosphamide, with the aim of attenuating induction of neutralizing antibodies. Significant immunomodulation was not achieved, but for the first time carriage of virus associated with PBMCs was detected in several patients as long as 2 weeks following intravenous administration. This finding suggests a mechanism for viral evasion of neutralizing antibody, so that immune response to oncolytic viruses may be a less significant barrier to tumor delivery than previously supposed.
Assessment of immunomodulation
Effective immunomodulation was assessed in each patient by NARA assay at baseline, day 15 of Cycle 1, and day 15 of cycle 2 and subsequent cycles as previously described (15) . At each dose level, immunomodulation was considered effective if the rise in NARA titer (at day 15 of Cycles 1 and 2) was at least 10-fold lower than that observed in the single-agent studies of RT3D. Thus, an increase of <50-fold over pretreatment baseline was deemed effective immunomodulation. Cyclophosphamide treatment beyond Cycle 2 was withheld if NARA titer at day 15 of Cycles 1 or 2 increased by <10-fold over pretreatment baseline. Cohorts would be expanded to 6 if this very low level of NARA induction was observed in all of the first 3 patients at a dose level. For a dose level to be labeled the minimally effective dose (MED), immunomodulation needed to be observed in !4/6 patients. T-cell immune subsets were immunophenotyped by flow cytometry. Cryopreserved PBMC taken at day 15 of Cycle 1 and day 15 of Cycle 2 were thawed and washed in 0.15 mol/L PBS, Dulbecco's A (Oxoid). The LIVE/DEAD Cell Stain Kit (Invitrogen) was used to differentiate viable and dead cells. After washing the PBMC in PBS, the following anti-human monoclonal antibodies were used for flow cytometry: anti-CD3-FITC, anti-CD8-APC, anti-CD4-PECy7, anti-CD25-APC-H7, and anti-CD127-PE (BD Biosciences). After staining, the cells were washed in PBS and analyzed using a MACSQuant flow cytometer with MACSQuantify software (Miltenyi Biotec). For T-cell subset and Treg analysis, the acquisition and analysis gates were restricted to the live lymphocyte population. CD3 Dose-limiting toxicity DLT was defined during the first cycle of treatment and included absolute neutrophil count <0.5 Â 10 9 /L, or <1.0 Â 10 9 /L with sepsis, platelet count <25 Â 10 9 /L, grade 2 rash or mucositis lasting >5 days, grade 2 nausea lasting >5 days despite the use of maximal supportive therapy, and any other grade 3 or 4 treatment-related nonhematologic toxicity (except flu-like symptoms, and nausea and vomiting if appropriate prophylactic or therapeutic measures had not been administered). Flu-like symptoms were treated with acetaminophen or nonsteroidal anti-inflammatory drugs.
Analysis of viral shedding by reverse transcription-PCR
Biologic samples (blood, urine, feces, and sputum) were collected at baseline before commencing cyclophosphamide, on days 5 and 15 of Cycle 1, and on days 1, 5, and 15 of Cycle 2. On days that RT3D was administered, samples were collected before the infusion. Sample processing and reverse transcription PCR (RT-PCR) methods were as previously described (8) .
Analysis of viral persistence
A 1:3 to 1:729 dilution of patient PBMC sample was incubated on L929 cells for 6 days to allow for any functional virus to replicate. Cells and supernatants were then harvested for RT-PCR. Viral RNA was extracted from samples using QIAamp Viral Mini Kit, and RT-PCR was performed using OneStep RT-PCR (both Qiagen). Reovirus-complementary DNA-targeted primers used were 5 0 -GGGCTGCACATTACCACTGA (forward) and 5 0 -CTCCTCGCAATACAACTCGT (reverse), with a detection limit set at 30 cycles. Samples were run on a 2% agarose gel and analyzed for reovirus RNA by the presence of a 300-base pair PCR product. Reovirus or media were incubated on L929 cells alongside patient PBMC as positive and negative controls (19) . Cytopathic effect on L929 cells was also photographed, and L929 cells were analyzed for survival by MTT colorimetric assay for cell viability at dilutions of 1:729.
Results
A total of 36 patients were included in the dose escalation; all contributed to the immunomodulation and safety analyses. Cyclophosphamide dose levels studied and patient Fig. S1 ). 
Immunomodulation analysis
NARA was assessed for each patient at baseline in all cases, and serial on-treatment samples collected at either day 15 of Cycle 1 (C1D15), C2D15, or both, were available in 32 patients (Fig. 1a) . Significant immunomodulation, defined as a <50-fold increase in NARA titer, was observed in only one patient, who received cyclophosphamide at a dose of 50 mg/ m 2 . In this patient, NARA titer rose after exposure to reovirus by 27-fold, from a baseline that was already relatively high (Fig. 1A) . In other patients, NARA rose by between 81-and over 2,000-fold. Marked immunomodulation (defined as less than a 10-fold induction over baseline), requiring subsequent cyclophosphamide doses to be withheld, was not seen in any patient.
Analysis of immune subsets similarly showed that cyclophosphamide did not induce a fall in the proportion of regulatory T cells (Tregs) even at the highest doses (Fig. 1B) . This was despite more prominent suppression of neutrophil count in the later cohorts ( Supplementary Fig. S1 ).
Safety and tolerability
All 36 (100%) patients experienced at least one adverse event (AE), irrespective of relationship to study drug. Table 3 summarizes all treatment-related AEs of any grade occurring in 3 or more patients, and all grade 3/4 treatment-related AEs. There were no grade 4 nonhematologic toxicities or treatment-related deaths.
In general, when administered in combination with cyclophosphamide, reovirus was well tolerated. The majority of toxicities were grade 1/2, the most frequently reported being fever, fatigue, and chills. Fever, chills, and influenza-like symptoms were controlled with acetaminophen or nonsteroidal anti-inflammatory drugs. Concomitant acetaminophen with reovirus was avoided in patients recruited later in this trial due to an emerging preclinical suggestion of synergistic increases in AST and ALT (20) . However, several ongoing controlled trials have not shown evidence of reovirus hepatotoxicity (data on file, Oncolytics Biotech Inc.). Fatigue and diarrhea were commonly reported, but without a clear relation to dose. The commonest laboratory toxicity was neutropenia, but this did not occur at cyclophosphamide doses below 800 mg/m 2 . 3 DLTs occurred during the first cycle of treatment, at dose levels of 800 mg/m 2 and 1,000 mg/m 2 . At 800 mg/m 2 , one of 7 patients developed grade 3 neutropenia. At 1,000 mg/m 2 , grade 3 diarrhea occurred beginning immediately following the day minus 3 cyclophosphamide dose, and another patient developed grade 4 neutropenia in the first cycle. All DLTs were judged by the treating investigator to be probably or definitely related to cyclophosphamide. Thus, the MTD was cyclophosphamide 800 mg/m 2 combined with a RT3D TCID 50 of 3 Â 10 10 .
Viral persistence in plasma and shedding RT3D plasma RNA was detected in 15 of 36 (42%) patients tested. These positive signals were only seen in patients who received cyclophosphamide 100 mg/m 2 or above. Shedding was assessed by analysis of saliva, urine, and anal swabs; assays for viral RNA were positive on at least one occasion in 6 of 36 (17%) patients tested at multiple time points in the first 2 cycles.
Cell carriage of replication-competent virus
Transient carriage of reovirus by circulating white blood cells has been observed after a single cycle of treatment (21) . The potential presence of viable RT3D associated with PBMCs was tested in Cycle 1 day 15 (C1D15) and C2D15 samples in 21 patients. Patient PBMC samples that were directly tested for RT3D RNA by RT-PCR were all negative. However, consistent with previous data (21), when PBMC samples were incubated on L929 cells, to allow any functional reovirus to be handed off the PBMCs and replicate in these cells, a band was detected post-treatment (at C1D15 and C2D15) in 3 of 21 (14%) of patients (0303, 0602, and 0603; Fig. 2A ). Samples were available at other timepoints for patient 0303 (C1D5, C3D15 and end of study), and for patient 0603 (end of study); all of these samples were negative for RT3D associated with PBMCs, except for patient 0303 C1D5 sample (Fig. 2B ). This persistence of PBMC-associated virus in some patients occurred despite Table 3 . Treatment-related AEs: reported by 3 or more patients, and all grade 3/4 AEs induction of high NARA titer by day 15 of Cycles 1 and 2 in each of these patients (Fig. 2C) .
Antitumor activity
There were no partial responses. Two patients remained on study for more than 6 months, one a patient with malignant melanoma treated at 25 mg/m 2 , and another with pancreatic carcinoma treated at 150 mg/m 2 , diseases for which cyclophosphamide is not a conventionally accepted therapy.
Discussion
We conducted this trial with the aim of using immunomodulatory cyclophosphamide to improve the tumor delivery of oncolytic virotherapy. Reovirus has proved to be safe in the treatment of human cancer, and normal tissues are able to resist intracellular viral replication because of intact PKR function, which by contrast is downregulated in RAS-driven tumor cells (5) . However, reovirus serotype 3 Dearing (RT3D) is a Patients carry live reovirus on their PBMCs up to 10 days after the last administration, which can replicate and kill target cells in vitro despite an increased level of circulating neutralizing antibodies. A, PBMCs were assessed directly for presence of reoviral RNA ("neat") by RT-PCR at C1D15 and C2D15. PBMCs were also incubated on L929 target cells at the dilutions shown to allow for any functional reovirus to be handed off the PBMCs and then replicate in the target cells, before analysis for reoviral RNA by RT-PCR ("amp"). The appearance of a band demonstrates presence of RT3D, which denotes successful transfer from PBMC cells and replication of reovirus. This becomes apparent after treatment in 3 patients tested (0303, 0602, 0603), but is not detected in the amplified samples taken before treatment ("pre"). 2% DMEM or a dilution (1:10) of stock reovirus was incubated on L929 cells as negative and positive controls, respectively (À amp, þ amp). B, all other available samples for these patients were analyzed, and all samples were negative for reovirus by amplification assay, except for sample C1D5 in patient 0303. Photomicrographs show cytopathic effect on L929 cells pre-and posttreatment, and MTT viability data after incubation of sample on L929 cells for patient 0303. C, neutralizing antireovirus antbody titers in patients who carried reovirus on their PBMCs. At C1D15 and C2D15 antibody titers increased as much as 729-fold compared with baseline. Error bars show SEM.
ubiquitous unmodified virus that causes upper respiratory tract infections in almost all individuals early in life. As a result, as seen with other oncolytic viruses (22, 23) , neutralizing antireoviral antibodies (NARA) are detectable at baseline, and titers rise dramatically after the first therapeutic reexposure in the majority of patients. Modulation of NARA with subcytotoxic doses of cyclophosphamide was the primary objective of this study.
Effective and reproducible NARA modulation was not achieved, despite escalation of cyclophosphamide to cytotoxic levels associated with myelosuppression in the later cohorts. Similarly, suppression of Tregs did not occur even in later cohorts. Nevertheless, striking persistence in the circulation of viable virus was detected, in association with PBMCs, even in the presence of induced NARA. This result suggests that NARA response may be a less significant barrier to tumor delivery of oncolytic viruses than previously supposed.
Reovirus has previously been detected in human tumors after systemic administration, and clinical efficacy seen in some patients treated with single-agent virus (8) . Thus, a question arises of how circulating reovirus evades immune complex formation effectively enough to reach the tumor target. There is already some evidence that carriage by PBMCs is a mechanism for persistence of circulating reovirus (19, 21) . Data from our trial provide further evidence of this phenomenon and for the first time demonstrate that virus can remain associated with PBMCs for at least 2 weeks following administration, and in spite of high levels of induced NARA. In this small trial, there was no association between response and viral carriage on PBMCs.
This trial was conceived following preclinical data suggesting that cyclophosphamide may improve tumor delivery of systemically adminstered oncolytic viruses, both for reovirus (17) and for an HSV-derived agent (22) . We did not replicate in patients the modulation of NARA observed with some cyclophosphamide doses and schedules in a murine model (17) . Although we carefully explored a wide dose range, it may be that alternative cyclophosphamide schedules would produce a different result. For example, low-dose metronomic, rather than bolus, cyclophosphamide is associated with responses in human cancers that may be mediated via immunomodulation (24) . Cyclophosphamide has been administered to patients in combination with an oncolytic adenovirus; however, that program was not a formal trial (25) , but instead was conducted under a European directive hospital exemption. Patients received a variety of personalized combinations, so generalizable results were not available, and effects on NARA were not assessed (26) .
Alternative strategies for control of NARA production might be considered. The anti-CD20 monoclonal antibody rituximab was ineffective in suppressing antidrug antibodies associated with an immunogenic antibody conjugate (27) . Coadminstration of cyclosporin with an anticancer agent has been explored (28) , but it appears to inhibit the therapeutic effect of reovirus administered to tumor-bearing animals (29) .
During the course of this study, other trials exploring the safety of combining RT3D with chemotherapeutics were completed (11) (12) (13) . The coadministration of gemcitabine at full therapeutic dose in a phase I trial did have an effect on the NARA response to virus. Although RT3D dose had to be reduced because of toxicity (12) , experience in a larger trial demonstrated acceptable tolerability for this combination (data on file, Oncolytics Biotech Inc.). The objective of our trial was to achieve NARA suppression without resorting to myelosuppressive therapy and its associated toxicity.
Shedding of RT3D RNA was detected in 5 of 36 (14%) of patients in this trial, which was more frequent than with reovirus alone, or with combination regimens of RT3D and conventional chemotherapy. Evidence of shedding was detected in 18% of patients receiving RT3D alone (8), 8% of patients receiving docetaxel combination therapy (11) , and 21% receiving combined carboplatin and paclitaxel (13) . No evidence of shedding was seen in studies combining RT3D with radiotherapy (30), or with gemcitabine (12) . Shedding of this unmodified virus, ubiquitous in the environment, is not a safety concern. Furthermore, detection of RT3D RNA, as in our shedding assays, is not confirmation of the excretion of viable virus.
In summary, bolus cyclophosphamide administered before RT3D therapy does not reproducibly prevent induction of reovirus-neutralizing antibodies or affect levels of Tregs. Other cyclophosphamide dosing schedules, or alternative immunomodulating agents, might be more effective. The relationships between host immunity, oncolytic viruses, and tumor are complex (31) , and successful clinical manipulation of the immune component may not be readily predictable, even from effective animal models. Our data suggest that other mechanisms, in particular association with PBMCs or other blood cells (21) , may allow reovirus antitumor efficacy via evasion of immune complex formation even in the presence of high levels of NARA. 
